dase o. Protoheme, but not a functional cytochrome system, is synthesized by anaerobically growing S. aureus. Heme a appears only after a period of aerobic growth. During the shift to aerobic growth, there is a 1.6-fold increase in the vitamin K2 content, with an alteration in the ratios of the 35 and 45 carbon side chain isoprenologues. A twofold increase in phosphatidyl glycerol and a 1.6-fold increase in cardiolipin occur with the shift to aerobic growth. Lysyl-phosphtidyl glycerol remains essentially constant in this period. Concentrations of mono-and diglucosyl diglycerides increase coordinately 1.3-fold during the shift to aerobic growth at a 2.5 to 1 M ratio.
Changes in oxygen tension in the growth environment of bacteria result in variations in the synthesis and composition of the membranebound respiratory chain (5, 11, 16, 19, 25, 26) . Staphylococcus aureus derives its energy by glycolysis, when grown anaerobically, and contains no detectable respiratory system (4, 20) . Oxygen induces the formation of a membrane-bound electron transport system (22) composed of flavoproteins, cytochrome bi, cytochrome a, and cytochrome oxidase o (21, 31) . The lipids of S. aureus have been characterized (2, 14, 15, 17, 18, 31) , and are localized in the membrane containing the electron transport system (31) , and the methods for their quantitative extraction and assay have been developed (31) .
Coordinate lipid and membrane-bound pigment biosynthesis have been described in two systems. Haemophilus parainfluenzae synthesized demethyl vitamin K2 and cytochrome bi coordinately (29) . Rhodopseudomonas spheroides increases membrane phospholipid and photosynthetic pigments coordinately (12) .
In this study, the shift of a culture of S. aureus from anaerobic to aerobic growth was used to examine the events in the formation of both the membrane-bound electron transport system and the lipids that are a part of this membrane. Oxygen induces the formation of the respiratory pigments. The synthesis of these pigments results in a progressively more effective electron transport system as measured by the ability to utilize oxygen at low oxygen concentrations. Concurrent with the formation of a progressively more effective electron transport system, changes in the membrane lipids occur: (i) doubling of the phosphatidyl glycerol (PG) and a 1.6-fold increase in the cardiolipin; (ii) a coordinate 1.3-fold increase in glucolipid with a molar ratio of diglucosyldiglyceride (DGDG) to monoglucosyldiglyceride (MGDG) of 2.5 to 1; and (iii) a 1.6-fold increase in vitamin K2 with an increase in the proportions of the 45 carbon side chain isoprenologue.
The anaerobic synthesis of protoheme and of vitamin K2 were unexpected findings. Jacobs 11) reported that S. epidermidis cannot make protoheme anaerobically and Bishop et al. (1) reported that anaerobically grown S. albus contained no detectable vitamin K2.
MAERmALs AN M nos Growth of bacteria. S. aureus U-71 (31) was used in these experiments. The medium was as described (31) . Purity of the culture was determined after each experiment by phase contrast microscopy and colonial morphology on nutrient agar plates.
The bacteria were grown in 22-liter bottles at 37 C. The culture was stirred with a Teflon-covered magnetic bar. Gases were added to the culture through a glass sparger, which was inserted through a rubber cork and extended 18 inches below the surface of the medium. Nitrogen was deoxygenated as described (28) and bubbled through the medium as it cooled after autoclaving. Copper tubing was used for conveying the nitrogen between the deoxygenat column and the culture bottle to minimize diffusion of oxygen. The medium was inoculated with 500 ml of S. aureus that was grown anaerobialy as described (28) . During the inoculation, the medium was bubbled vigorously with deoxygenated nitrogen. Over a 15-hr period of anaerobic growth, the culture reached a density of about 107 cells/mi. Nitrogen was bubbled through the medium during the period of anaerobic growth at a rate of 50 mil/min per (31) .
Assay of the protoheme. Protoheme content of the bacteria was determined as the pyridine hemochrome, as described by Falk (5) .
Assay of the cytochromes. Cytochromes were assayed by difference spectroscopy (25, 29 (21) , the measurement of cytochrome oxidase o from the carbon monoxide reduced minus reduced difference spectrum is unequivocal. The suspension of bacteria with the respiratory pigments oxidized was kept at 0 C and was vigorously aerated by shaking in the air before each measurement. The reduced minus oxidized difference spectrum was also compared with an absolute spectrum of the reduced pigments compared to frosted glass (29) . The cytochronms were reduced in the presence of 20 mm L-lactate. Reduction of the respiratory system in the presence of this substrate is complete (Table 1) .
Assay ofoxygen utilization. Oxygen utlization was measured with an oxygen electrode (26) using 20 mM L-lactate as substrate. L-Lactate was used because it gave the highest rate of oxygen uptake of the substrates tested (Table 2 ). These experiments indicated that the endogenous respiration of the washed bacterial suspensions was not sufficient to influence the difference spectroscopy. To determine the inhibition of respiration by 2-n-nonyl-4-hydroxyquinoline' N-oxide (NOQNO), 0.03 ml of a 3.4 pm NOQNO solution in ethyl alcohol was added to 3.0 ml of a bacterial suspension, after the rate of oxygen utilization in the presence of L-lactate could be estimated accurately, but before the oxygen tension had dropped below 150 pm. The critical oxygen concentration was measured as described previously (27) .
Bacterial dry weight and protein. Dry weight of the bacteria was determined as described (31) . Bacterial density was meured as absorbancy at 750 mp as described previously (31) .
Lipid extraction. Lipids were extracted by the methods described previously (31) .
Assay of vitamiz K2. Vitamin K2 isoprenologues were purified by silicic acid chromatography followed by preparative thin-layer chromatography (31) .
They were identified by co-chromatography with authentic standards as described previously (31) . The proportions of each isoprenologue were determined after descending chromatography in the system utilizing Dow-Corning silicone 200 impregnated paper as described by Lester Assay oflipids. Phospholipids and glucolipids were separated by thin-layer chromatography, recovered, and assayed as described previously (31) .
Reagents. All chemicals were of the best grade commercially available and were essentially as described previously (28, 31) .
RESuLTS
Change in growth rate. Introduction of oxygen to a culture of S. aureus, grown anaerobically to a bacterial density of about 0.18 mg (dry weight) per ml, resulted in a shift to a more rapid growth rate (Fig. 1A) . The bacteria continued to grow at the anaerobic growth rate until 1 to 2 hr after the introduction of air. Doubling time during the adaptation was dependent on the stage of anaerobic growth at the time the bacteria were shifted to aerobic growth. The Concentration of cytochrome a remained fairly constant after the initial period of synthesis (Fig. 1C) . In experiments where the bacteria were 1870 J. BACTERIOL.
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shifted to aerobic growth at lower bacterial densities, after the initial lag, the concentration of cytochrome a increased throughout the period of aerobic growth (Fig. 2D) .
Total content of cytochromes in the bacteria, after the shift to aerobic growth had been completed, approximated the cytochrome content of bacteria grown with aeration throughout the entire growth cycle. Bacteria grown with vigorous aeration for the entire growth cycle ( Table 1) contained 85%o of the cytochrome a, 54% of the cytochromes bi and o, and 70% of the cytochrome oxidase o formed during the shift to aerobic growth (Fig. 1) .
Formation of the respiratory system. Formation of the membrane-bound electron transport system was followed by the measurement of oxygen utilization in the presence of L-lactate. A rapid rate of oxygen utilization, together with reduction of the electron transport system, was found with L-lactate (Table 1 and 2). The capacity to utilize oxygen in the presence of L-lactate increased about 30-fold during the shift to aerobic growth (Fig. 1B) .
Change in critical oxygen concentration.
Maximal rate of oxygen utilization is a relatively poor measure of the changes in the composition of the electron transport system. In many experiments, the maximal rate of oxygen utilization increased much more rapidly than the formation of the cytochrome pigments. Changes in the composition of the electron transport system, after the appearance of cytochrome a, were not reflected in changes in the maximal rate of oxygen utilization. Maximal rate of oxygen utilization was assayed at high oxygen tensions (above 100 AM oxygen); bacteria actualy grew at much lower oxygen tensions (1 to 10 Mm oxygen). See reference 30. Composition of the electron transport system was in closer agreement with changes in the critical oxygen concentration. The critical oxygen concentration is that concentration at which the rate of oxygen utilization becomes first order with respect to the oxygen tension. The critical oxygen concentration provides a measure of the affinity of the intact electron transport system for oxygen (27) . Affinity of the electron transport system for oxygen is a measure of the proportion of cytochrome oxidase that can be maintained reduced at low oxygen tension (3). The proportion of oxidase that is reduced is, in turn, dependent on the electron flux to the oxidases (3, 27) . The critical oxygen concentration decreased 100-fold during the formation of the electron transport system (Fig. 2B) . Kinetics of the fall of the critical oxygen concentration closely followed changes in the composition of the electron transport system. Decrease in critical oxygen Change in sensitivity to NOQNO during adaptation to aerobic growth. During the period of induction of the electron transport system, there was a change in the type of respiratory system. This was detected by the response in the rate of oxygen utilization to NOQNO. This inhibitor blocks electron transport in S. aureus between cytochrome b1 and cytochrome oxidase (21) . In anaerobically grown S. aureus, the rate of oxygen utilization in the presence of L-lactate was not inhibited by 34 Mm NOQNO. This suggested a 18S71 VOL. 94, 1967 transition from a flavoprotein-mediated respiratory system to a cytochrome-linked respiratory system with a terminal cytochrome oxidase (21) . After the shift to aerobic growth, the ability of the bacteria to utilize oxygen became increasingly sensitive to inhibition by NOQNO. At 45, 90, and 135 min after the shift to aerobic conditions, the respiratory system was inhibited 47, 81, and 100%, respectively, in the presence of 34 AM NOQNO.
Synthesis ofprotoheme. Protoheme was detected (Fig. 1D) in anaerobically grown S. aureus at a level of 7 As,Amoles/mg (dry weight). The lack of inhibition of respiration by NOQNO indicated that no functional cytochrome system exists in anaerobically grown S. aureus. With the shift to aerobic growth, the protoheme content of each cell was increased ninefold. Protoheme content of cytochrome bi and cytochrome oxidase o approximated the total protoheme in the bacteria (Fig. 1D) . Apparently, the protoheme associated with catalase activity that is induced by aeration (22) did not significantly affect these calculations.
Vitamin K2. Vitamin K2 increased 1.6-fold during the shift to aerobic growth (Fig. 2B) . Rapid cytochrome oxidase o and cytochrome a synthesis continued until the molar ratios of vitamin K2 to cytochrome oxidase o approached 16 to 1 and the vitmain K2 to cytochrome a approached 50 to 1 (Fig. 3) . White (Table 3) .
Glucolipids. Concentration of total glucolipid increased 1.3-fold during the shift to aerobic growth (Fig. 2C) . During this increase, the DGDG to MGDG ratio remained near 2.5:1 (Fig. 3) .
Phospholipids. When S. aureus was shifted to aerobic growth conditions, the amount of total phospholipid increased twofold (Fig. 2E) Fig. 1 ; remaining data from Fig. 2 . Abbreviations are as in Fig. 2. 1.6-fold. The LPG content remained relatively constant during the shift to aerobic growth. The molar ratio between PG and LPG varied between 4.1:1 and 8.9:1 (Fig. 3) .
During the period of the shift from anaerobic to aerobic growth, the highest levels of cytochromes, phospholipids, glucolipids, and vitamin K2 achieved were approximately equal to levels of these components found in S. aureus grown with vigorous aeration throughout the entire growth cycle.
DISCUSSION
Addition of oxygen to anaerobically growing S. aureus results in the formation of the membrane-bound electron transport system. Formation of the electron transport system involves synthesis of protoheme, cytochromes, cytochrome oxidase, phospholipids, glucolipids, and vitamin K2 isoprenologues. These components are incorporated into a membrane-bound electron transport system that shows progressively increasing affinity for oxygen, as well as increasing sensitivity to the inhibitor NOQNO. Both of these features are characteristic of the shift to respiration involving cytochromes and cytochrome oxidases (21) .
One of the most striking characteristics of the adaptation to aerobic growth is that the components of the electron transport system can be formed into a functional complex at widely varying proportions. In functional systems, molar ratios of cytochrome oxidase o to cytochrome a can vary between >200:1 and 2:1 (Fig. 3) .
Vitamin K2 to cytochrome oxidase o can function within molar ratios between >800:1 and 16:1 ( > 120:1 and 45:1 for vitamin K2 to cytochrome a). Phospholipid composition can change and the membrane be functional when the molar ratios of PG to LPG are between 4:1 and 9:1.
It has been proposed that the membrane-bound electron transport system must be formed by the stochiometric agglomeration of large subunits of constant composition. This hypothesis has been developed from degradation studies of beef heart mitochondria (7 
